R
esponses of blood pressure to alterations in the intake of sodium chloride vary widely between individuals. This variable responsiveness complicates investigations of mechanisms responsible for salt sensitivity and limits the appeal of salt restriction as a nonpharmacological antihypertensive therapy. There is therefore considerable interest in the development of markers of salt sensitivity, and several general anthropometric, racial, and biochemical features of salt-sensitive groups have been described. 1 As yet, however, no single test or combination of features permits reliable prediction in individual patients of the responsiveness of blood pressure to chronic salt loading or depletion. During the 1980s, burgeoning interest in the role of cellular Na + content and transmembrane Na + fluxes in essential hypertension led to the numerous studies reviewed below that attempted to define the relation of blood pressure responsiveness to short-and longterm changes in salt balance to membrane markers.
Investigations of a possible role for membrane transport in the control of blood pressure responses to salt loading and depletion have addressed two major issues. The majority of studies have examined the question of whether acute or chronic changes in salt balance cause changes in cellular Na + content or transport. Less well studied is the issue of whether baseline cellular cation handling characteristics are predictive of future blood pressure responses to dietary salt modification. The few studies that have examined this latter point are of particular interest in light of the growing appreciation that some heterogeneities in cellular cation metabolism apparently reflect genetic lesions that may prove to predispose to hypertension. In other words, there may be genetically determined cellular phenotypes that predict salt sensitivity of blood pressure.
Effects of Salt Loading and Depletion on Cellular
Cation Metabolism The majority of studies of the effects of salt on cells have involved chronic (days to weeks) changes in dietary salt intake. As displayed in Table 1 , most have used red blood cells (RBC), the most convenient and well-characterized model cell system, but there are a number of studies that used white blood cells (WBC) as well. In general, these dietary studies are predicated on a hypothesis that grew out of the pioneering work of Lewis Dahl on his inbred salt-sensitive (DS) and salt-resistant (DR) rats. 2 Based on the demonstration that a DR rat joined parabiotically to a DS rat becomes hypertensive during high salt intake, Dahl postulated that a circulating factor produced by the DS rat diffused through the parabiotic anastomosis and sensitized the DR rat to the high salt diet, in essence converting it to a DS rat.
3 Subsequent transplantation experiments proved that in these rats hypertension "follows the kidney" (i.e., DR rats transplanted with kidneys from DS rats develop salt-sensitive hypertension and DS rats transplanted with DR kidneys become salt resistant). 4 - 7 Haddy and Overbeck 8 provided experimental support for a circulating factor in several models of volume-expanded hypertension, and subsequently de Wardener and MacGregor synthesized these and other observations into a theory of the genesis of essential hypertension. 9 It was postulated that volume expansion provokes the secretion of a circulating inhibitor of Na + ,K + -ATPase, which normally acts in a classical negative feedback fashion to inhibit basolateral ATPase in renal tubules, decreasing tubular Na + reabsorption and facilitating salt and water excretion. In individuals with defective renal Na + excretory capacity, or in those whose Na + intake exceeds renal excretory capacity, the concentration of this Na + transport inhibitor rises to levels at which it can affect vascular, in addition to renal, Na + ,K + -ATPase with the result that Na + concentration increases in vascular smooth muscle cells. Blaustein 10 had previously provided a plausible explanation of how increased cell Na + in vascular tissues could inhibit transmembrane Na + -Ca 2+ exchange, raise cytosolic Ca 2+ and promote vasoconstriction. 10 De Wardener and MacGregor hypothesized that the presence of an intrinsic, presumably heritable, defect of renal Na + handling would predispose affected individuals living in our current high Na + milieu to volume overload, provoking secretion of the circulating factor and causing the development of a high vascular resistance hypertensive state. As a corollary, the exposure of Weder Sodium Transport and Blood Pressure 1-75 circulating blood cells to pathologically high levels of the Na + ,K + -ATPase inhibitor would result in intracellular Na + accumulation; it was suggested that such cells, although pathogenetically irrelevant to the hypertensive process, are markers of the underlying pathophysiology of hypertension.
The search for the biochemical basis of the putative circulating volume-sensitive Na + transport inhibitors, the ouabainlike factors, has led investigators on a merry chase, but despite continued uncertainty as to the identity of the factors, the de Wardener-MacGregor formulation has proven very appealing. Today, the action of a ouabainlike factor on circulating cells remains the dominant theoretical framework for studies of the effects of dietary salt on cells and is the reason that most of the studies summarized in Table 1 focus on the activity of the Na + -K + pump (usually measured as the rate constant of ouabain-sensitive 22 
Na
+ efflux, but also as ouabain-sensitive net Na + efflux or ouabainsensitive ^Rb* influx) or the consequences of pump inhibition (increased cell Na + content).
Studies in Red Blood Cells
The first study to investigate the effect of dietary salt intake on active RBC Na + transport was that of Morgan and coworkers 12 who found that in eight hypertensive patients, 2 weeks of high (more than 200 meq/day) compared with 2 weeks of low (less than 100 meq/day) Na + intake resulted in a decrease in the rate constant of ouabain-sensitive 22 
Na
+ efflux from RBC. The authors noted that the effect was present only when RBC were incubated in autologous plasma; efflux into salt solutions was comparable after the two diets. Moreover, there was a suggestion of a relation between the degree of pump suppression by plasma and the salt sensitivity of blood pressure. The same investigators subsequently reported that normotensive individuals have more heterogeneous responses of 22 
+ efflux to changes in dietary salt balance, and as a group, normotensive individuals demonstrate no significant suppression of a Na + efflux from RBC. 13 They did identify a trend for those normotensive subjects who demonstrated Na + -K + pump suppression during salt loading to increase their blood pressure, although the correlation between pump activity and salt sensitivity of blood pressure was not significant.
This study provides strong evidence favoring the de Wardener-MacGregor hypothesis, and numerous attempts have been made to replicate it. There are several RBC studies that do show pump suppress j on 35 rather than plasma as suggested by the original study, 12 but one of the positive studies also used an artificial efflux medium, 25 casting some doubt on the absolute requirement for plasma.
Alternative measures of pump activity, which measure either RBC 86 Rb + influx 27 or net Na + efflux 22 into salt solutions, also have detected pump suppression in salt-loaded patients. One negative study measured only RBC Na + content, 20 which was not measured in the original study. 12 Although the Na + -K + pump is clearly the major regulator of cell Na + concentration, and therefore cell Na + would be expected to vary inversely with pump activity, 36 it is possible that changes in cell Na + could be too small, or the time necessary to produce them too long, to detect in the reported studies. In one study, which carefully examined the time course of changes in RBC Na + content in response to dietary salt restriction, RBC Na + declined significantly within 1 week of imposition of dietary Na + restriction, presumably as the result of an observed concomitant rise in Na + -K + pump activity. 27 In addition, experience with cardiac glycosides suggests that changes in RBC Na + content provoked by pump inhibition should be easily measurable: systemic administration of digoxin causes a rise of approximately 60% in cell Na + content within 5 days. 37 It would appear that if circulating ouabainlike factors have effects similar to digoxin, in all reports the period of study has been appropriately long (Table 1 ) and the anticipated magnitude of the change in RBC Na + sufficiently great to be detectable. However, because changes in RBC transport could require actual replacement of a cell population with new cells, it may be that the period of dietary salt restriction has, in fact, been too brief.
Experimental protocols have also deviated from that of Morgan et al 12 in other ways. Although the nature of the dietary intervention is likely to be critically important, two of the negative studies examined only salt loading, comparing high salt with normal salt diets, 1920 rather than salt loading with depletion. Although the original study imposed only a modest dietary salt restriction (less than 100 meq Na + /day), it seems arguable that current dietary habits typically result in a biologically massive salt overload and that further dietary salt supplementation may not necessarily provoke any greater suppression of active membrane Na + transport. In addition, dietary Na + excess itself may not be sufficient to perturb membrane transport. Zemel et al 31 have shown that RBC Na + content rises and RBC Na + ,K + -ATPase falls during high salt (4 g Na + /day) intake only when Ca 2+ intake is concomitantly restricted to 356 mg/day. 31 This interaction of dietary Na + excess and Ca 2+ deficiency has not been specifically addressed by others but may contribute to discrepancies between the studies summarized in Table 1 . Finally, subject selection must be considered: findings in hypertensive patients or in normotensive subjects with a family history of hypertension seem more consistently positive than those in family historynegative normotensive subjects. Racial differences may also play a role in determining responses to dietary salt. Several studies, k os ^a efflux Na content (mmol/kg dry wt) Vm, os net Na efflux koj os net Na efflux V m bs net Na efflux V m Li-Na countertransport koj li-Na countertransport k tot ^a efflux k os ^a efflux Na content (mmol/1 cells) tot "Rb influx os M Rb influx Na content (mmol/1 cells) os *Rb uptake is net Na efflux Vna, Li/Na countertransport Na content (mmol/1 cells) Na ion activity (a'n,) by ion-select electrode k oi ^a efflux k os ^a efflux Na content (mmol/kg dry wt) Dietary salt is either stated goal or measured 24-hour urine excretion; ?, dietary salt is unknown or not stated; BP, blood pressure; LS, low salt; NS, normal salt; HS, high salt; H, hypertensive; N, nonnotensive; FH-, negative family history of hypertension; FH+, positive family history of hypertension in first degree relatives; RBC, red blood cells; WBC, white blood cells; k, rate constant; /fcoj, concentration required for half-maximal stimulation; V,,,^ maximal rate; tot, total; os, ouabain-sensitive; oi, ouabain-insensitive; fs, furosemide-sensitive; bs, bumetanide-sensitive; units are given for Na + content.
•Statistically significant differences in each transport function related to dietary intervention indicated by < or >; nonsignificant differences by =.
fRelation for change in flux parameter to change in blood pressure: for many studies in which a relation is not stated, it may be assumed that no relation existed. Yes (?), indicates a possible relation.
Significance is calculated from data presented in reference.
suggested that blacks have a lower level of ouabainsensitive cation transport in RBC than whites, and it is possible that low basal Na + ,K + -ATPase activity or pump expression 40 may predispose blacks to salt sensitivity of blood pressure.
Studies in White Blood Cells
RBC may not be the best cell model. WBC are potentially superior for studies of maneuvers expected to change membrane transport because they are nucleated and therefore capable of more rapid and flexible responses to perturbations. In addition, small effects may be more easily detectable in WBC, which exhibit at least 10-fold higher rates of ^Na* efflux than RBC. For whatever reason, in all studies of essential hypertensive patients, WBC responded to salt depletion as predicted by the theory (i.e., comparing low salt with high salt diets, either WBC Na + content was lower 14 -15 -34 or the rate constant for Na + efflux was higher 21 ). It appears that nonnotensive subjects are less likely than hypertensive subjects to show significant depression of active Na + transport in WBC in response to changing from a low salt to a high salt intake, 16 -19 -29 although acute intravenous Na + loading in nonnotensive subjects does result in the appearance of a plasma factor capable of suppressing leukocyte ^a * efflux. 43 
Problems With Studies of Responses of Circulating Cells
To summarize the findings of these studies, it seems prudent to conclude that the evidence is suggestive, although by no means conclusive, that active membrane Na + transport is suppressed by a high salt intake. Whether pump suppression results from the action of a circulating ouabainlike factor is certainly not yet proven. Although reports of decreased 22 
Na
+ efflux in RBC of salt-fed patients are compatible with the action of such a factor, one study that reported a significant suppression of ouabainsensitive 22 
+ efflux during a high salt diet searched for and failed to find a circulating inhibitor. 23 Even in those studies that demonstrate pump suppression by plasma obtained during high salt intake, the data permit interpretations other than the effect of a ouabainlike inhibitor; 22 
+ efflux is only one limb of Na + transport, and changes in unidirectional ouabain-sensitive Na + efflux would best be interpreted in relation to rates of Na + influx and concentrations of Na + and K + in the cytoplasm and extracellular me- 44 which call into question the validity of cellular Na + measurements performed by standard methods relying on extensive washing of cells to separate them from extracellular Na + . If reported measurements of RBC Na + are unreliable, then conclusions regarding the basis of changes in the activity of the Na + -K + pump, which is usually reported as the rate constant for efflux (Na + efflux/ [Na + ],), must be regarded as suspect. Indeed, since one critical link in the hypothetical chain joining pump inhibition to hypertension is increased cell Na + concentration, 9 -10 observations of low RBC Na + content in essential hypertension seriously challenge the validity of the hypothesis.
Obviously, elucidation of the biochemical basis of circulating ouabainlike factors and the development of standardized techniques for their quantitation would greatly facilitate studies of the mechanisms mediating changes in pump activity during dietary Na + manipulations, but alternative approaches may be found. For instance, the tools of molecular genetics may provide novel insights into how dietary Na + interacts with membrane transport. As noted above, stimulation by dietary salt restriction of pump activity in WBC of hypertensive patients seems to be a consistent cellular effect. Because they are nucleated, WBC are capable of regulating Na + -K + pump expression, apparently coordinately with expression in RBC. 45 If WBC pump activity is modulated by a circulating factor that is responsive to changes in dietary Na + intake, even if the identity of the factor remains obscure, it may reveal its effect by altering messenger RNA (mRNA) levels encoding the subunits of Na + ,K + -ATPase. 46 If changes in nuclear transcription cause upregulation of mRNA encoding the pump, then regulatory proteins capable of binding to the genes could be involved, and regulatory sequences in the genes encoding the pump subunits may be identified. Alternatively, if changes in mRNA degradation prove to be the cause of increased mRNA abundance, regulatory mechanisms must exist within the mature mRNA molecule itself. In either case, investigations of the nuclear and cytoplasmic events regulating Na + ,K + -ATPase gene expression may circumvent many of the difficulties yet to be overcome in the isolation of the ouabainlike factors and the delineation of their impact on membrane transport.
Cellular Transport Characteristics as Predictors of
Salt Sensitivity Although the studies above have examined the effects of dietary Na + on cell cation transport or content, an equally appealing feature of some RBC cellular transport systems is their resistance to changes in dietary salt intake. This stability suggests that they could be useful as markers of a hereditary predisposition to salt sensitivity. The best-studied systems are those mediating RBC Li + -Na + countertransport and Na + -K + -2C1~ loop-diuretic-sensitive cotransport, but although both have received considerable attention as markers for essential hypertension, they have featured less prominently in studies of salt sensitivity. In 1980, Canessa et al 11 reported that changing salt balance did not alter RBC Li + -Na + countertransport activity, and several other investigators have confirmed that observation. 18^27^ The usefulness of RBC Li + -Na + countertransport as a predictor of blood pressure responsiveness to changes in dietary Na + intake has not been reported, although Redgrave et al 47 have described an increased prevalence of high RBC Li + -Na + countertransport levels in the non-modulating subset of normal and high renin hypertensive patients, 47 who have been suggested to be salt-sensitive in other studies. + -Na + countertransport to salt sensitivity of blood pressure in a small group of essential hypertensive patients. We found that patients who demonstrate the greatest degree of elevation of blood pressure in response to a change from a low salt to a high salt diet have, as a group, a significant elevation in the V,^ of RBC Li + -Na + countertransport. Eighteen borderline and mild hypertensive patients were studied in a randomized, placebo-controlled blinded trial of low (20 meq/day) versus high (200 meq/day) salt intake. Diets were maintained for 1 week each with a 2-week period of ad libitum salt intake interposed. Blood pressures were measured directly in the brachial artery in the supine position and salt sensitivity determined from the difference between calculated mean arterial pressure (MAP) during low and high salt intakes. Salt sensitivity was defined by a rise in MAP on the high salt intake of at least 5 mm Hg and salt resistance as either no change or a fall in MAP on the high salt diet. Patients in whom the high salt diet caused a rise in MAP of less than 5 mm Hg were classified as indeterminant. Salt-sensitive patients {n=l) demonstrated a rise in MAP of 9.3 ±2.4 mm Hg, whereas salt-resistant patients (n=7) lowered their MAP by 4.7 ±4.6 mm Hg, and the indeterminant group (n=4) raised their MAP 1.2±0.5 mm Hg (/><0.0001 by analysis of variance). There were no significant differences between the dietary regimens for RBC Na + or H 2 O content, bumetanide-sensitive Na + or K + cotransports, or Na + -Li + countertransport. When the relation between salt sensitivity and RBC transport characteristics was examined, RBC Li + -Na + countertransport was found to vary significantly (p<0.05 by analysis of variance) between the groups (Figure 1) . Although there was overlap between the classes, no salt-resis- Although we did not observe any significant effects of changing dietary salt on RBC Na + or K + cotransport, and others have also failed to find changes in furosemide-sensitive isotopic 17 or net Na + efflux,
22^27
Canessa et al 35 carefully characterized the kinetics of RBC Na + -K + -2C1~ cotransport and observed a lower Vm,, and K m for Na + -K + -2CT cotransport in hypertensive patients on a low (10 meq/day) versus a high (200 meq/day) salt diet. 35 In this study, normotensive subjects on similar diets did not show changes in V mMI or K m , although Dagher et al 24 did report suppression of V^ for outward bumetanide-sensitive Na + -K + -2C1~ cotransport in salt-loaded normotensive subjects. 24 In a study of the predictive value of cotransport, Canessa et al 49 observed that the K m for Na + at the inner face of the Na + -K + -2C1~ cotransporter is significantly lower in salt-sensitive than in salt-resistant black adolescents. 49 These very interesting observations suggest that dysregulation of Na + -K + -2C1c otransport, a system known to mediate Na + transport in vascular smooth muscle 50 and endothelial 51 cells, may predispose to hypertension during high salt intake.
In conclusion, dietary salt may affect blood pressure in part through its impact on membrane transport systems. The hypothesis that plasma volume expansion resulting from excessive dietary salt intake or insufficient renal Na + excretory capacity leads to elaboration of a circulating ouabainlike substance that suppresses active membrane Na + transport has been tested indirectly in studies of the effects of modifying dietary salt intake on membrane transport functions. The studies are in considerable, although not perfect, agreement that a decreased dietary salt load stimulates the Na + -K + pump; the contribution of putative ouabainlike factors to this effect is still not clear. The role of membrane transport functions as markers of individual susceptibility to the pressor effect of dietary salt is less well studied, although there is suggestive evidence for both RBC Li + -Na + countertransport and Na + -K + -2CT cotransport as markers for salt sensitivity. These membrane transport characteristics may prove to be related to a genetic predisposition to salt sensitivity.
